Coffees and teas are beverages that are both exceptionally rich in antioxidant molecules, and are also both associated with beneficial health effects. Thus although the quality characteristics of these beverages are conventionally assessed on the basis of their sensory properties, their antioxidant contents represent an additional and increasingly valued attribute of quality based on their contributions to healthy diets. Both beverages are prepared by hot water extraction of a pure plant-derived product, and thus their compositions can potentially change quite rapidly as a result of oxidation in contact with air. Oxidative processes often proceed via free radical intermediates, and sometimes also result in the formation of stable radical endproducts; thus EPR spectroscopy is a convenient technique for investigating some of the various free radical reactions that occur in these beverages. This paper reviews progress that has been made in elucidating free radical processes that occur during the preparation and storage of coffees and teas, and the results are discussed in terms of quality criteria of the beverages.
INTRODUCTION
Coffees and teas are two of the most heavily consumed beverages in the World. Both have a history of links to medicinal properties, although neither is conventionally considered to be a traditional medicine. Conventionally the qualities of teas and coffees are assessed on the basis of their sensory properties by expert panels of tasters, as these are relevant to the primary and direct/immediate experiences of consumers. Yet, we have learned over recent years that both beverages contain molecules that are considered to be beneficial to long-term health and well-being, a quality that is increasingly noticed and valued by consumers. Hence our definition and understanding of quality in coffee and tea are slowly but sustainably being extended to one that contains long term health benefits in addition to the immediate sensory impact.
The major beneficial molecules belong to a class of compound known as antioxidants, whose principal function in biology is to protect cells from oxidative damage. They do this in one of three ways; 1) by inhibiting the formation of oxidizing agents, 2) by selectively scavenging oxidizing agents, or 3) by scavenging the products of the reactions of oxidizing agents, which may themselves be capable of causing cellular damage. Mechanism 1) generally involves antioxidant enzymes, whereas 2) and 3) may be performed by either small or large molecules. However, a common property of biological antioxidants is their ability to redox cycle between reduced and oxidized forms, both of which are generally stable.
The stable form of molecular oxygen, 3 O 2 , is a free radical with two unpaired electrons, and various products derived from it are known as reactive oxygen species (ROS), because they tend to be more reactive than O 2 itself. Some of these are also free radicals, including the products of its 1-electron reduction, 2 Since coffee and tea are the major sources of antioxidants in many diets (e.g. [1, 2] ) and may also be stored for long periods in air, it might be expected that oxidation processes could influence their antioxidant contents, or at the very least result in changes in their forms which could impact on the chemical composition of the beverages subsequently prepared by hot water extraction. However, such reactions are extremely complex, and it is only now that we are starting to develop an understanding of the various chemical processes that are involved. The current paper addresses various aspects of the beverage production in which O 2 -derived free radicals are involved, and illustrates these with results obtained using electron paramagnetic resonance (EPR) spectroscopy, a technique which is based on measurements of chemical species with unpaired electrons, such as free radicals and paramagnetic metal ions and complexes.
ANTIOXIDANTS AND FREE RADICAL SPECIES IN COFFEE PRODUCTION
Although coffee is most commonly associated with the alkaloid caffeine, which has been considered to have some antioxidant properties as a result of its conversion to oxocaffeine (1-methyl uric acid) during coffee oxidation [3] , there are other bioactive compounds in the beverage. Furthermore, caffeine is not a true antioxidant because oxocaffeine formation in the beverage is probably the result of reaction with hydroxyl radicals, which react virtually indiscriminately with organic molecules.
Green coffee beans are a rich source of chlorogenic acids, a family of polyphenol antioxidants that feature in a number of traditional Asian medicines (e.g. [4, 5] ), and to which beneficial health effects from the consumption of coffee have been attributed [6] . The chlorogenic acids (Figure 1) are esters of quinic acid and various polyphenols, but mainly caffeic, p-coumaric and ferulic acids [7, 8] . Various mono-, di-and tri-esters exist and 70 different chlorogenic acids have been identified in extracts of green coffee beans [9] .
The major changes to coffee beans that occur during roasting are the formation of melanoidins, ill-defined colored materials, via the Maillard and caramelization reactions. The Maillard reaction involves a condensation reaction between free amino groups of amino acids, peptides or proteins with carbonyl groups of reducing sugars, whereas the caramelization reaction is based on reactions involving sugars or carbohydrates alone. However, both reactions are extremely complex and result in the generation of a wide range of products, including the melanoidins. Although melanoidins have been described as possessing mutagenic activity [10, 11] , they are also associated with beneficial health properties (e.g. [12] ). Furthermore, the Maillard reaction produces compounds with strong antioxidant properties [13] , and coffee is overall described as being anticarcinogenic [14, 15] .
Understanding the chemistry of the coffee roasting process is a major challenge, but one that is necessary in order to refine existing procedures to produce higher quality products. During roasting, the contents of chlorogenic acids decrease, although some are incorporated into the melanoidin components from which they may subsequently be released during digestion [16] . However, because of the antioxidant properties of melanoidins, the roasting process results in an overall increase in the antioxidant content of the beverage, with maximum activity being reported for medium roasted beans [17, 18] . The roasting of coffee also results in the formation of substantial quantities of free radicals (e.g. [19] ), the contents of which are influenced by a number of factors including the water content of the green beans prior to roasting [20] .
It is in addressing issues involving free radicals and other paramagnetic chemical species that EPR spectroscopy can make important contributions to the science of coffee. Changes in free radical concentrations can be monitored in essentially real time in an EPR spectrometer (Figure 2 ) [21] , and thus this technique allows the possibility of investigating how variables such as the temperature profile and gas flow rate influence free radical concentrations during the roasting process for different bean types.
The formation of both antioxidant molecules and free radicals during the coffee roasting process demonstrates that the two processes are not inversely related, as might be expected if the principal role for antioxidants was to inhibit the production of, or to selectively scavenge, free radicals. Indeed, with commercial "instant" coffees, Pascual et al. [22] showed that there was no correlation between their antioxidant and free radical contents.
OXIDATIVE PROCESSES DURING THE STORAGE OF ROASTED COFFEE PRODUCTS
Oxidative processes influence the composition of roasted coffees during subsequent storage, as evidenced by increases in their levels of lipid peroxidation [23] [24] [25] . Furthermore, storage in air results in a progressive increase in the EPR free radical signal [26] , whereas in the absence of air a progressive decrease is observed [27] . These results thus illustrate that the roasted coffee is not an inert material, and that changes in the free radical components are the result of processes that involve both formation and decay. In addition, the recent work of Yeretzian et al. [26] has demonstrated that the increase in free radical signal during storage in air of roasted and ground (R&G) coffee is mainly the result of reaction of coffee components with O 2 and not directly the result of physical damage caused by the grinding process.
After preparation, the sensory characteristics of coffee beverages change rapidly. EPR measurements show that changes in free radical contents also occur, and although "cause and effect" relationships have not been established it seems likely that hydroxyl radicals are involved, because of the presence in coffee of the chemical components appropriate for Fenton reaction chemistry [28] . With solutions of "instant" coffee, Pascual et al. [29] described a temperature independent decay of the initial free radical signal on a timescale similar to that observed by Hofmann et al. [30] for the radicals formed on dissolution in water of 1,4-dialkylpyrazinium diquaternary salts (diquat), which are early products of the Maillard reaction. However, Pascual et al. [29] also observed a temperature dependent production of a free radical signal with similar spectral characteristics to that of the original radical, a result which indicates that free radical reactions occur continuously in the coffee beverage. Furthermore, these authors also demonstrated that O 2 was involved in the production of this new signal, possibly as a source of hydroxyl radicals by enzymatic conversion to H 2 O 2 [31] followed by Fenton reaction chemistry. Although chemical spin trapping combined with EPR spectroscopy is a recognized method for the identification of unstable free radical intermediates (e.g. [32] ), the results of such measurements indicated the trapping of C-centred radicals. However, unlike the superoxide radical anion ( 2 O  ), the hydroxyl radical reacts virtually indiscriminately with organic molecules. Thus in complex systems such as coffee solutions, most of these radicals will react via hydrogen atom extraction with organic components in the beverage and it is the resulting C-centred radicals that are observed after reaction with the spin trap.
PROBLEMS ASSOCIATED WITH THE STORAGE OF LIQUID COFFEE PRODUCTS
As mentioned in the previous paragraph, the sensory properties change rapidly after preparation of coffee beverages. In addition to shedding light on the short term radical processes that occur in the beverage, EPR spectroscopy has also been shown to be potentially useful in understanding processes that occur during longer term storage of liquid coffee products under controlled conditions. Recently, Pascual et al. [33] have used EPR spectroscopy to investigate the effects of various factors that affect the stability of liquid coffee prepared from aqueous extracts of whole roasted coffee beans. They found that the free radical EPR signal intensity is sensitive to the O 2 content of the water used for extraction and the storage temperature, but not the storage atmosphere (headspace). In similar measurements on concentrated coffee solutions, Yeretzian et al. [34] (2013) also observed that the O 2 content of the water used for extraction was the largest factor which affected the changes in the free radical EPR signal during storage. However, whereas the intensities of the signal from whole bean extracts increased during storage, those from coffee concentrates decreased, thus indicating the difficulties in producing simple interpretations of the results from such measurements.
DEGRADATION OF COFFEE AROMA
The aroma of coffee that is generated during the roasting process is considered to be one of the most attractive features of the beverage, and it is generally considered to represent an important quality criterion. However, its chemical composition is extremely complex, and represents the combination of many hundreds (thousands?) of molecules, each of which is present in small concentration [35] . Furthermore, several key aroma molecules, especially those containing thiol groups, have limited stability with respect to oxidation, and as a result the sensory properties decline during storage. One such molecule is furfuryl mercaptan, and its decomposition under Fenton reaction conditions has been investigated in detail by Blank et al. [36] . This reaction was found to be extremely complex and involved the generation of both Cand S-centred radical species in early stages of the degradation process.
An ab initio computational approach to explore the stability of a wide range of coffee aroma compounds has been reported by Munro et al. [37] . These studies focused on the various free radical processes that might lead to aroma degradation during storage of liquid coffee, and involved investigation of >100 radicals that might be formed during the reactions of key aroma compounds. These radical products were classified according to their thermodynamic stabilities relative to common radical sources that might exist in liquid coffee extracts. The results predicted that most aroma molecules should be resistant to both peroxidation and attack from phenolic antioxidants, but are unstable with respect to reaction with •OH.
ANTIOXIDANTS IN TEA LEAVES AND THEIR CHANGES DURING PROCESSING
The tea beverage is prepared by hot water extraction of dried leaves of the plant Camellia sinensis. Different types of tea are classified according to the degree of processing to which the leaves are subjected prior to packaging, with the amount of oxidation increasing in the order white  green < red < black (Note the Chinese red tea is roughly equivalent to the Indian black tea, whereas the Chinese Pu'er tea is a black tea that is allowed to undergo some fermentation before being processed). The stability (shelf life) of the products follows a similar trend and Pu'er tea is stable over many decades.
All teas contain substantial quantities of polyphenolic antioxidants, but their molecular compositions and sizes increase according to the degree of oxidation they experience during processing. Thus the polyphenols in the lightly processed white and green teas are dominated by relatively simple catechins, known as green tea polyphenols (GTP); the major GTP are (−)-epigallocatechin gallate (EGCG), (−)-epigallocatechin (EGC), (−)-epicatechin gallate (ECG), (−)-epicatechin (EC), and (+)-catechin (CT) (Figure 3) . In addition, gallic acid (GA) may also be observed. In contrast, the dominant polyphenols in black teas the more complex theaflavins, thearubigins and more highly polymerized substances [38] . The GTP have received considerable attention for the association of green tea consumption with beneficial health properties (e.g. [39] [40] [41] [42] ), but there is evidence that the various types of tea have similar beneficial health effects [43, 44] .
AUTOXIDATION REACTIONS IN TEAS
As mentioned in the previous section, teas contain appreciable quantities of polyphenols, which are generally assumed to be responsible for the beneficial health effects of the beverage. During their behavior as antioxidants, polyphenols are oxidized to phenoxy or more commonly semiquinone radicals, and this reaction proceeds more rapidly at high pH values. Consequently, alkaline autoxidation is often used as an experimental procedure for accelerated oxidation in order to understand the chemistry of the tea polyphenols. Under such conditions, EPR spectra can be readily observed (Figure  4) , and results show that signals are observed from each of the main green tea polyphenols in alkaline solutions of green tea extracts (e.g. [45] [46] [47] ), whereas the spectra from equivalent black tea samples are dominated by the radical corresponding to oxidized gallic acid [45, 46] . Thus there may be considerable differences in the antioxidant chemistry reactions of different types of tea, and EPR could be a useful technique for comparing reactions in teas that have been subjected to different types of processing. However, caution needs to be exercised in extrapolating results from alkaline autoxidation to reactions under physiological conditions, since oxidation of EGCG by superoxide at near neutral pH values proceeds via a different mechanism to that observed on alkaline autoxidation [47] .
An important property of plant-derived polyphenols is their ability to function as antimicrobial molecules [48] [49] [50] [51] [52] . However, the microbial degradation of white/green tea leaves has a major effect not just on the easily oxidizable GTP, but also other compounds such as caffeine, which generally are not susceptible to alteration during storage (Klaus Stolze, unpublished results). This then represents another example of complex chemical behaveior in a beverage that needs to be investigated further.
OTHER MOLECULES IN TEA EXTRACTS THAT COULD CONTRIBUTE TO THEIR BIOACTIVITY
The potentially beneficial molecules in teas are not limited to their polyphenolic components, and other bio- active molecules are present in the beverage. As with coffee, caffeine is a significant component, albeit at appreciably lower concentrations than in coffee [38] . The principal amino acid in tea is theanine (5-N-ethylglutamine) [53, 54] , which has been shown to be effective in reducing mental and physical stress [55] and to improving cognition in impaired subjects [56] . It has also been proposed to be able to provide protection against dementia [57] , and is thus complementary to caffeine in its effects on neurodegeneration. Furthermore, although the neurological effects associated with tea consumption have been attributed to the metal chelating properties of EGCG (by inhibiting the formation of β-amyloid plaques) [58] , there is little soluble chelate formation on reaction of Cu(II) with the GTP EGCG and GA at neutral and acidic pH values [59, 60] . In contrast, the teas themselves are able to form soluble Cu(II) complexes over a wide range of pH values [46, 61] . Thus it seems likely that molecules in tea other than the GTP are responsible for metal chelation under physiological conditions. Theanine does form Cu(II) complexes under acidic conditions but Goodman et al. [61] have reported the presence of an additional (as yet unidentified) compound in teas that can form complexes with Cu(II) at pH < 2.
GENERAL DISCUSSION, CONCLUSIONS AND FORWARD LOOK
We are only now starting to get an appreciation of the roles played by antioxidants and free radical reactions in the chemistry of coffees and teas, but their relationships to conventional quality assessment based on sensory properties are still largely uninvestigated. However, it is now recognized that foods rich in antioxidants are associated with beneficial health properties, and consequently both coffees and teas can make valuable contributions to healthy diets.
In coffees, the main antioxidants are the chlorogenic acids and melanoidins, with the relative importance of these two groups of molecule being dependent on both the plant genetics and the darkness of the roast. The medicinal properties of chlorogenic acids are well known (e.g. [4, 5] ), and these molecules feature in a number of traditional Asia medicines, but there is still controversy concerning the biological effects of the melanoidins. Thus these molecules need further investigation and characterization, but this is a highly challenging research field because of the ill-defined nature and large molecular sizes of this family of molecules.
In teas, it is generally accepted that the beneficial properties are derived from the polyphenolic components. However, their chemical nature varies according to the post-harvest processing to which the tea leaves are subjected, and it is only the GTP that has been studied in detail. Nevertheless, the antioxidant properties of green and black tea are similar [62] , and epidemiological studies suggest that their beneficial health effects are also similar [43, 44] . Furthermore, teas also contain other bioactive molecules, such as theanine, and also some as yet unidentified molecules with the ability to chelate metal ions such as Cu(II) at very low pH values [46, 61] .
As described in this paper, EPR spectroscopy is able to make appreciable contributions to developing our understanding of free radical aspects of the chemistry of coffee and teas. However, this approach to the research is still in its infancy and more progress is expected in the near future from further applications of the technique.
Firstly, EPR provides an opportunity to investigate in real time the formation and reaction of free radicals during the roasting process. However, as yet few studies have been performed, and more investigations are needed to understand the influence of various factors such as plant genetics, bean age, roasting temperature profiles, gas flow rates, water contents of the green beans, etc. In addition, such measurements should be combined with or related to parallel measurements of the emission of volatile organic compounds, as reported by Dorfner et al. [63, 64] and Wieland et al., [65] using on-line ProtonTransfer-Reaction Mass-Spectrometry.
Further investigations of the relative importance of various environmental factors on the changes that occur during the storage of roasted coffees are still needed, because the various studies that have been reported to date have been based on relatively small data sets. Considering the large differences in free radical generation observed by Goodman et al. [21] for individual beans during a batch roasting of a blend of coffee beans of different origin, it also seems possible that there could be correspondingly large differences in the behavior of different types of bean during storage.
Understanding the solution chemistry of both coffee and tea beverages is a long-standing problem, and although progress is being made there is still much that remains unknown. With both beverages, oxidation processes originating from exposure to O 2 result in progressive alteration of the beverages. It seems likely that Fenton reaction chemistry plays an important role, and because of the highly reactive nature of the hydroxyl radical, antioxidants and/or free radical scavengers are ineffective in inhibiting its reactions. Thus the most effective approach to stability of solutions of these beverages would appear to be strict exclusion of O 2 at various critical stages of their preparation. Recent preliminary results [33, 34] suggest that may be the case for coffee, but more detailed studies on teas are still required.
Also with teas, further measurements are required on red and black teas in order to relate details of their chemistry to that of green tea, which has been studied in much greater detail. This should not just address the chemistry of the polyphenols, but should also consider the identity and reactions of other low molecular weight molecules that could contribute to the bioactivity of the beverage.
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